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ERTILITY in women is regulated by a series
of highly coordinated and synchronized inter-
actions in the hypothalamic–pituitary–ovarian

axis (Fig. 1). The central regulator of the axis is the
group of neurons that secrete gonadotropin-releas-
ing hormone (GnRH).

 

1

 

 Their cell bodies reside in
the arcuate nucleus, and their exons terminate in the
median eminence near the hypothalamic–pituitary
portal vasculature. These neurons are unique in that
they have an intrinsic firing frequency such that
GnRH is secreted in pulses at 60-to-90-minute in-
tervals into the portal vasculature to be conveyed to
the anterior pituitary gland. There GnRH binds to
specific cell-surface receptors on the gonadotrophs
— that is, the pituitary cells that produce follicle-
stimulating hormone and luteinizing hormone.

 

2

 

 The
secretion of follicle-stimulating hormone and lutein-
izing hormone is therefore also pulsatile.

 

2

 

 The two
gonadotropins stimulate terminal ovarian folliculo-
genesis, the process by which a cohort of secondary
early antral follicles is recruited, only to be win-
nowed down to a single dominant follicle that releas-
es its oocyte after the mid-cycle surge in luteinizing
hormone secretion. The remnants of the follicle form
the corpus luteum, which produces progesterone, a
hormone central to implantation and early gestation.

 

3

 

The operational characteristics of the reproductive
axis leave little room for error, which may explain
the relatively high incidence of cycling disorders in
women. Most of these are thought to be acquired

F

 

disorders of suprapituitary origin, but some women
may be genetically predisposed to them. Most ge-
netically determined cycling disorders are of subpi-
tuitary origin, with the ovary being the most com-
mon site of origin (Fig. 1).

Many of the genetically determined cycling disor-
ders become apparent during puberty, when the phys-
ical and biochemical changes that lead to adult re-
productive function occur. Pubertal development
begins with the initiation of pulsatile secretion of
GnRH by the hypothalamus, which in turn activates
the pituitary–ovarian axis, leading to the production
of estrogen by the ovaries, development of second-
ary sex characteristics, and initiation of menstrual
cycles.

A molecular basis has been established for 11 ge-
netically determined and phenotypically apparent cy-
cling disorders (Table 1). Ten of these disorders are
due to loss-of-function mutations, and one is due to
a gain-of-function mutation affecting the 

 

a

 

-subunit
of the stimulatory G protein (Gs

 

a

 

) involved in the
adenylyl cyclase–cyclic AMP (cAMP) pathway of
signal transduction in women with the McCune–
Albright syndrome. The inheritance of most of these
disorders is autosomal recessive. Fewer than 200 cas-
es of these disorders have been reported, but there
have been no systematic prospective studies to de-
termine their frequency among women with cycling
disorders.

Not all genetically determined cycling disorders
occur as the result of an intrinsic abnormality of
the hypothalamic–pituitary–ovarian axis. Most no-
table in this regard is congenital adrenal hyperplasia
caused by 21-hydroxylase deficiency (due to a 

 

CYP21

 

mutation) or 11

 

b

 

-hydroxylase deficiency (due to a

 

CYP11B1 

 

mutation), which in their classic forms are
associated with ambiguous genitalia and various de-
grees of virilization (Fig. 2A).

 

4,5

 

 Both have been the
subject of other reviews and are beyond the scope of
this article.

 

6,7

 

 Other forms of congenital adrenal hy-
perplasia in which extraadrenal steroidogenesis is af-
fected are considered here (Fig. 2B).

There are genetic abnormalities in the hypotha-
lamic–pituitary–ovarian axis that do not cause pheno-
typic abnormalities in females. One is a dominantly
inherited gain-of-function mutation in the luteiniz-
ing hormone receptor, which in males is associated
with premature activation of the reproductive axis
(“testotoxicosis”).

 

8-12

 

 Mutations of 17

 

b

 

-hydroxyster-
oid dehydrogenase type 3, which cause pseudoher-
maphroditism in males,

 

13

 

 do not affect females, be-
cause this enzyme is expressed only in the testes.

 

14,15

 

Missense mutations in the luteinizing hormone 

 

b

 

-sub-
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unit gene have been described that result in the se-
cretion of a luteinizing hormone that has a shorter
half-life in vivo and greater bioactivity in vitro than
the wild-type hormone, but it is not associated with
clinical abnormalities.

 

16

 

KALLMANN’S SYNDROME

 

Kallmann’s syndrome is characterized by an em-
bryonic failure of migration of both the olfactory
neurons and the GnRH-producing neurons.

 

17-22 

 

Nor-
mally, the GnRH-producing neurons, which origi-

nate in the medial olfactory placode, cross the nasal
septum and establish axodendritic synapses with de-
veloping cells of the forebrain.

 

23

 

 Without these syn-
aptic connections, the neurons do not aggregate in
the hypothalamus, and the olfactory bulbs and tracts
are not formed. The characteristic feature of Kall-
mann’s syndrome is hypogonadotropic hypogonad-
ism associated with anosmia.

 

24

 

This syndrome occurs in both sexes but is five
times as common in men as in women.

 

22

 

 In most af-
fected families, the syndrome is inherited as an
X-linked recessive trait, so that affected males are en-
countered in every other generation. An affected fe-
male must be homozygous, an outcome possible only
through the successful union of an affected man and
a carrier woman. Since affected men are infertile and
GnRH-replacement therapy has become available
only during the past two decades, the likelihood that
an affected female inherited the syndrome as an
X-linked recessive trait is very low. It follows that
in most affected females the disorder is inherited as
an autosomal recessive or dominant trait.

In 1991 the cloning of a putative “Kallmann”
gene on the distal end of the short arm of the X chro-
mosome was reported. Subsequently, missense and
nonsense mutations and partial and complete dele-
tions of this gene have been identified in different
families. The putative Kallmann gene encodes a 679-
amino-acid protein whose proposed structure sug-
gests it is an adhesion molecule involved in embry-

 

Figure 1.

 

 The Hypothalamic–Pituitary–Ovarian Axis and the
Single-Gene Mutations That Are Responsible for Compromising
Female Reproduction.
The blue background indicates loss-of-function mutations, and
the yellow background a gain-of-function mutation. GnRH de-
notes gonadotropin-releasing hormone, FSH follicle-stimulat-
ing hormone, LH luteinizing hormone, StAR steroidogenic acute
regulatory protein, GALT galactose-1-phosphate uridyltrans-
ferase, CYP19 aromatase, 3

 

b

 

-HSD II 3

 

b

 

-hydroxysteroid dehy-
drogenase type II, CYP17 17

 

a

 

-hydroxylase and 17,20-lyase, and
Gs

 

a

 

 the 

 

a

 

-subunit of the stimulatory G protein.
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Figure 2.

 

 Adrenal (Panel A) and Gonadal (Panel B) Steroidogenic Pathways.
StAR denotes steroidogenic acute regulatory protein, CYP17 17
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onic neuronal migration.

 

25,26

 

 The absence of the pro-
tein in question precludes the olfactory neurons and
the GnRH-producing neurons from reaching their
destination. The autosomal genes have not been
identified.

 

RESISTANCE TO GONADOTROPIN-

RELEASING HORMONE

 

No abnormality of the GnRH gene has yet been
identified in patients with idiopathic hypogonado-
tropic hypogonadism. However, a mutation of the
GnRH-receptor gene was recently identified in a
kindred with idiopathic hypogonadotropic hypo-
gonadism.

 

27

 

 The 37-year-old propositus had amen-
orrhea and infertility after a single episode of spon-
taneous uterine bleeding at the age of 18 years.
Spontaneous thelarche occurred at the age of 14
years. Her serum gonadotropin and estradiol con-
centrations were in the low-normal range for the
early follicular phase of the menstrual cycle.

The proband and her brother, who also had hypo-
gonadism, had different mutations of each parental
allele of the GnRH-receptor gene (Gln106Arg and
Arg262Gln substitutions).

 

27

 

 The parents were phe-
notypically normal, and each was heterozygous for
one of the mutations. A normal sister was heterozy-
gous for the paternal mutation.

Cells were transfected with the wild-type and mu-
tant receptor complementary DNA (cDNA). In cells
expressing the Gln106Arg substitution, localized to
the first extracellular loop of the receptor, the level
of GnRH binding and stimulation of cellular phos-
pholipase C activity was markedly lower than in cells
expressing wild-type receptors. In cells expressing
the Arg262Gln substitution, localized to the third
intracellular loop, hormone binding was normal, but
phospholipase C activity did not increase.

The phenotype of the proband raises the possibil-
ity that other women with lesser degrees of repro-
ductive dysfunction might have mutations of the
GnRH receptor that result in a less marked impair-
ment of receptor function.

 

ISOLATED DEFICIENCY OF FOLLICLE-

STIMULATING HORMONE

 

The first woman who proved to have isolated de-
ficiency of follicle-stimulating hormone presented in
1972 with primary amenorrhea, sexual infantilism,
and a eunuchoid habitus.

 

28,29

 

 Serum luteinizing hor-
mone concentrations were high, and serum follicle-
stimulating hormone and estradiol concentrations
were very low. Administration of human menopausal
gonadotropins for 14 days resulted in progressive in-
creases in serum estradiol concentrations and cervi-
cal mucus secretion (an estrogenic end point). After
administration of human chorionic gonadotropin on
day 14 of the simulated cycle, there was a shift in ba-
sal body temperature and a rise in serum progester-

one concentrations indicative of ovulation, which was
in due course followed by conception.

 

30

 

Twenty-one years later, the molecular basis of iso-
lated deficiency of follicle-stimulating hormone was
found to be a homozygous deletion in codon 61 of
the gene for the 

 

b

 

-subunit of follicle-stimulating
hormone, a finding predicted to result in the trun-
cation of the protein.

 

31

 

 On the basis of established
structure–function relations, the truncated protein
product was predicted to lack key segments essential
for associating with the 

 

a

 

-subunit, so that little, if
any, follicle-stimulating hormone would be formed,
thereby explaining the absence of immunologic and
biologic activity. A 14-day course of treatment with
purified human follicle-stimulating hormone alone
resulted in ovulation and conception.

 

31

 

 Another wom-
an with similar clinical findings had different muta-
tions in the two alleles of the gene for the 

 

b

 

-subunit
of follicle-stimulating hormone.

 

32

 

 One allele had the
same premature stop mutation at codon 61, and the
other allele had a conversion of thymidine to gua-
nine in codon 51 of exon 3, which leads to a substi-
tution of glycine for cysteine.

These results demonstrate that congenital deficien-
cy of follicle-stimulating hormone does not result in
permanent impairment of ovarian development and
that follicle-stimulating hormone is indispensable only
during the last 14 days of the follicular phase of the
cycle.

 

HYPERGONADOTROPIC HYPOGONADISM

 

In 1995 a cycling disorder attributable to muta-
tions of the gene for the follicle-stimulating hor-
mone receptor was described.

 

33

 

 This discovery re-
sulted from a concerted effort to identify the genetic
determinants of hypergonadotropic hypogonadism
in women by using a registry from a network of uni-
versity hospitals in Finland. The inclusion criteria
were primary amenorrhea or secondary amenorrhea
with onset before the age of 20 years, a 46,XX kary-
otype, serum follicle-stimulating hormone concen-
trations greater than 40 mIU per milliliter (indica-
tive of ovarian failure), a date of birth between 1950
and 1976, and no other known cause of ovarian fail-
ure, such as surgery, chemotherapy, or radiation ther-
apy. Among 3856 women in the registry, 75 met the
inclusion criteria. Fifty-seven were the only affected
women in their families, and 18 had similarly affect-
ed sisters.

A conventional linkage analysis performed on 36
women from six multiplex families localized the trait
to the short arm of chromosome 2, a region con-
taining the genes for both the luteinizing hormone
receptor and the follicle-stimulating hormone recep-
tor.

 

33

 

 Analysis of the follicle-stimulating hormone–
receptor gene revealed that 29 of the affected women
studied had a single missense mutation (a conver-
sion of cytosine to thymidine) at position 566 in
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exon 7 of this gene. This mutation is in the extracellu-
lar domain of the receptor and could lead to disrup-
tion of hormone binding (Fig. 3A). In cells transfected
with mutant follicle-stimulating hormone–receptor
cDNA, binding of follicle-stimulating hormone and
stimulation of cAMP production were lower in cells
transfected with wild-type receptor cDNA. In sev-
eral affected women, ovarian biopsy revealed a nor-
mal complement of primordial follicles, thereby
ruling out premature ovarian failure.

 

34

 

 These find-
ings confirm that exposure to follicle-stimulating
hormone is not necessary for normal ovarian devel-
opment.

A somatic mutation of the follicle-stimulating hor-
mone receptor was recently found in 9 of 13 ovarian
sex-cord tumors and 2 of 3 small-cell carcinomas of
the ovary.

 

35

 

 The mutation was a heterozygous con-
version of thymine to cytosine at nucleotide 1777
(codon 591) that changed a phenylalanine to a serine
residue and resulted in loss of cellular sensitivity to
follicle-stimulating hormone. How such a change
in cell function contributes to tumor formation or
growth is not known.

 

RESISTANCE TO LUTEINIZING HORMONE

 

A cycling disorder attributable to mutations of the
luteinizing hormone–receptor gene was first report-
ed in 1996. The propositus presented with prolonged
periods of amenorrhea, punctuated by irregular epi-
sodes of apparently anovulatory uterine bleeding.

 

36

 

Laboratory studies revealed slightly elevated serum
gonadotropin concentrations and normal serum es-
tradiol and progesterone concentrations. Her two
brothers had male pseudohermaphroditism and Ley-
dig-cell hypoplasia.

 

37

 

 All three had a single-nucleo-
tide missense mutation (conversion of guanine to
cytosine) at position 1787 of the luteinizing hor-
mone–receptor gene, which led to an Ala593Pro
substitution in the third extracellular loop of the re-
ceptor (Fig. 3B).36,37 The father was heterozygous
for this mutation, indicating autosomal recessive trans-
mission. Studies of cells transfected with cDNA of
the luteinizing hormone receptor revealed that the
binding and biologic activity of chorionic gonado-
tropin were markedly reduced in cells transfected
with mutant cDNA as compared with cells transfect-
ed with wild-type cDNA. The mutation may affect
the intracellular processing of the luteinizing hormone
receptor, thereby resulting in limited translocation
of the mature protein to the plasma membrane.

An unrelated woman with prolonged amenorrhea
after a single episode of vaginal bleeding38 had a mu-
tation in the luteinizing hormone–receptor gene that
led to the introduction of a stop codon at position
1660 (Fig. 3B). The resultant protein was truncated
in the third cytoplasmic loop. Cells transfected with
mutant receptor cDNA did not bind luteinizing
hormone or respond to the hormone with an in-

Figure 3. Structure of the Follicle-Stimulating Hormone Recep-
tor (Panel A) and the Luteinizing Hormone Receptor (Panel B)
and the Associated Location and Type of Characterized Mu-
tations.
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crease in cAMP production. Thus, deletion of the re-
gion of the receptor that encompasses not only the
sixth and seventh transmembrane segments but also a
cytoplasmic loop results in loss of receptor activity.
This clinical entity must be considered in the differen-
tial diagnosis of primary and secondary amenorrhea.

CONGENITAL LIPOID ADRENAL 

HYPERPLASIA

The steroidogenic acute regulatory protein is a
mitochondrial phosphoprotein responsible for trans-
locating cholesterol from the outer to the inner mi-
tochondrial membrane,39 where it is converted to
pregnenolone by the cholesterol side-chain cleavage
enzyme (P450scc) (Fig. 2). This is the first commit-
ted step in the steroidogenic cascade. Thus, steroi-
dogenic acute regulatory protein is a rate-limiting
protein in steroidogenesis, and a loss of its activity
would be expected to result in defective adrenal and
gonadal steroidogenesis. That this is the case has
been documented in congenital adrenal lipoid hy-
perplasia, a condition attributable to loss-of-func-
tion mutations in the gene for steroidogenic acute
regulatory protein.40,41

Female patients with congenital adrenal lipoid hy-
perplasia who receive glucocorticoid and mineralo-
corticoid supplementation (who otherwise die in in-
fancy as a result of adrenal insufficiency) have normal
pubertal development, including thelarche, pubarche,
and menarche, but then have ovarian failure.42-44 The
ovarian failure may occur after puberty because it is
only then that gonadal steroidogenesis is sufficiently
active to cause accumulation of enough cholesterol
to damage ovarian cells.45 Among three patients, analy-
sis of DNA revealed a homozygous nonsense stop
mutation in codon 258 (exon 7) in one patient and
the deletion of a single nucleotide in codon 238 in
the other allele in the other two patients. The dele-
tion resulted in loss of a stop codon and extension of
the protein by 34 nonsense amino acids. Transfection
studies of the latter mutation revealed limited, if any,
activity of steroidogenic acute regulatory protein.

GALACTOSEMIA

Galactosemia results in hepatomegaly, jaundice,
and failure to thrive soon after birth. It is caused by
a deficiency of galactose-1-phosphate uridyltransferase.
This enzyme catalyzes the conversion of galactose-
1-phosphate to uridyl-dephosphogalactose, which en-
ters the pathway of glucose metabolism.46 Additional
clinical manifestations include cataracts and mental
retardation, as well as reproductive failure in a sub-
stantial percentage (62 percent) of affected women,
but not men.47,48 More than 12 mutations have been
described in the GALT gene, which codes for galac-
tose-1-phosphate uridyltransferase.49

Women with galactosemia may have primary or
secondary amenorrhea despite a lifelong galactose-

free diet.50,51 Ovarian biopsies in women with galac-
tosemia reveal few primordial follicles, numerous atret-
ic follicles, and the complete absence of intermediate
or graafian follicles.51 In contrast, an autopsy of a
five-day-old girl with galactosemia revealed abun-
dant oocytes.50 Whether the ovarian failure is caused
by the accumulation of galactose-1-phosphate or a
deficiency of downstream metabolites is not known.

MCCUNE–ALBRIGHT SYNDROME

The McCune–Albright syndrome is characterized
by patchy cutaneous hyperpigmentation (café au lait
spots), polyostotic fibrous dysplasia, and several en-
docrine disorders, including toxic multinodular goi-
ter, pituitary gigantism, amenorrhea–galactorrhea,
Cushing’s syndrome, and precocious puberty. The
last can occur at any time from a few months after
birth to late childhood. The precocious puberty is
gonadotropin-independent and cannot be arrested
by treatment with a GnRH analogue.52,53

Analysis of the distribution of the cutaneous
hyperpigmentation led to the hypothesis that the
McCune–Albright syndrome is attributable to a so-
matic mutation that occurs early in embryogenesis,
thereby resulting in a mosaic pattern of expression.54

The absence of familial cases (except in monozygotic
twins) provided further support for this hypothesis.55

The defect underlying the syndrome was identi-
fied as mutations (Arg201His or Arg201Cys) within
exon 8 of the Gsa gene.56-58 These mutations result
in constitutive activation of the encoded Gsa pro-
tein. Given that the action of gonadotropins is me-
diated by Gsa, the precocious puberty in patients
with the McCune–Albright syndrome is probably due
to constitutive activation of gonadotropin signaling
(Fig. 4). These same mutations are found in some
autonomously functioning thyroid adenomas and
growth hormone–secreting pituitary adenomas.59

The hypothesis that the mutations are somatic and
expressed in a mosaic fashion predicts interorgan
and intraorgan heterogeneity. To address this point,
ovarian-biopsy specimens composed of both histo-
logically normal and histologically abnormal (lutein-
ized) cellular elements were analyzed for the pres-
ence of Gsa mutations.56 The normal ovarian tissue
contained only the wild-type sequence, whereas the
abnormal luteinized tissue contained both mutant
and wild-type sequences.

AROMATASE DEFICIENCY

The possibility of reproductive dysfunction attrib-
utable to aromatase deficiency was first proposed in
1991 on the basis of clinical observations in a wom-
an with progressive virilization during the third tri-
mester of pregnancy; very low serum estradiol, es-
trone, and estriol concentrations; and high serum
testosterone concentrations.60 To assess the possibil-
ity of placental aromatase deficiency, the mother re-
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ceived an infusion of dehydroepiandrosterone sul-
fate, an androgenic substrate of placental aromatase.
There was no increase in serum estradiol, estrone,
and estriol concentrations or the urinary excretion
of estrogenic metabolites, whereas these values in-
creased in normal pregnant women. The newborn
infant, a girl with a 46,XX karyotype, had clitoro-
megaly and a urogenital sinus, suggesting exposure
to androgens in the first trimester of pregnancy. The
molecular basis of the disorder proved to be a mis-
sense mutation involving a single nucleotide in in-
tron 6 that removed a splicing site, resulting in the
addition of 87 nucleotides.61,62 The resultant protein
contained a nonsensical insert of 29 amino acids. In
cells transfected with the mutant aromatase cDNA,
there was markedly less aromatase activity than in
cells transfected with its wild-type counterpart.

An 18-year-old woman with aromatase deficiency
has been described.63 She had ambiguous external
genitalia at birth; no adrenal cause was identified.
Laparotomy at 17 months of age revealed normal
internal female genitalia. A cortical ovarian biopsy
disclosed an apparently normal complement of pri-
mordial follicles. At the age of 18, she had primary
amenorrhea, sexual infantilism, and clitoromegaly.
Laboratory studies revealed a normal female karyo-
type, high serum testosterone and androstenedione
concentrations, undetectable serum estradiol and es-
trone concentrations, and moderately high serum
follicle-stimulating hormone and luteinizing hor-
mone concentrations. Pelvic imaging disclosed mul-
tiple ovarian cysts.

In two other reports of women with aromatase
deficiency, the possibility of aromatase deficiency
was raised by the observation of striking gestational
virilization that regressed post partum.64,65 The wom-
en had low serum estrogen concentrations and high
serum androgen concentrations. At birth, one had
masculinized external genitalia, including clitoromeg-
aly, and the other had complete posterior fusion
compatible with the formation of a urogenital sinus.
At six months of age, ultrasonography in one child
revealed enlarged ovaries.65 At two years of age, the
ovaries were still enlarged, and laparoscopy revealed
multiple ovarian cysts composed of numerous large
antral follicles. Hormonal studies revealed hyperan-
drogenism, hypoestrogenism, and hypergonadotro-
pism. Administration of estradiol decreased serum
gonadotropin concentrations and the size of the
ovaries, suggesting that the cystic ovarian enlarge-
ment was gonadotropin-dependent. The other child,
at 12 years of age, also had ovarian enlargement and
similar biochemical findings.64

Thus, aromatase deficiency results in nonadrenal
female pseudohermaphroditism characterized by vir-
ilized external genitalia at birth and by primary
amenorrhea, sexual infantilism, eunuchoid propor-
tions, tall stature, hyperandrogenism, hypoestrogen-

Figure 4. Gonadotropin-Receptor Signaling in Normal Subjects
(Panel A) and Patients with the McCune–Albright Syndrome
(Panel B).
Binding of follicle-stimulating hormone (FSH) and luteinizing
hormone (LH) to their receptors normally activates adenylyl cy-
clase through the action of the a-subunit of the stimulatory
G protein (Gsa). Activating mutations in the Gsa gene result in
a constitutively active protein that stimulates adenylyl cyclase
activity in the absence of interactions between gonadotropins
and their receptors. 
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ism, hypergonadotropism, and multicystic ovaries in
adolescence.66 The hyperandrogenism probably re-
sults from the disruption in the conversion of andro-
gens to estrogens, and the resulting hypergonado-
tropism causes the multicystic ovaries. The findings
document the important role of placental aromatase
in disposing of maternal and fetal androgens and
thus in protecting the mother and the infant from
virilization. They also indicate that the congenital
absence of aromatase is compatible with normal
ovarian development and that aromatase deficiency
must be considered in the differential diagnosis of
primary amenorrhea as well as in women with ges-
tational and nongestational hyperandrogenism.

CONGENITAL ADRENAL HYPERPLASIA 

CAUSED BY DEFICIENCY OF 

3b-HYDROXYSTEROID DEHYDROGENASE 

TYPE II

Congenital adrenal hyperplasia, the most frequent
cause of adrenal insufficiency in newborns, denotes
a group of disorders resulting from inherited dys-
function in any one of the steps of cortisol synthesis
(Fig. 2).67 Pathologically, congenital adrenal hyper-
plasia is characterized by hyperplastic growth of the
adrenal glands due to increased corticotropin secre-
tion. Deficiency of 3b-hydroxysteroid dehydrogen-
ase is the second most common cause of congenital
adrenal hyperplasia, accounting for about 10 percent
of cases.67,68 In contrast to 21-hydroxylase deficiency
and 11b-hydroxylase deficiency, which affect only
adrenal function, 3b-hydroxysteroid dehydrogenase
deficiency affects both adrenal and gonadal function
(Fig. 2). Transmitted as an autosomal recessive trait,
3b-hydroxysteroid dehydrogenase deficiency is char-
acterized by variable impairment of enzymatic ac-
tivity and, consequently, variable clinical severity.
Newborn infants with severe 3b-hydroxysteroid de-
hydrogenase deficiency have symptoms of both cor-
tisol and aldosterone deficiency, which may be fatal
if not diagnosed and treated early. Affected girls
have either normal sexual development or mild viri-
lization, which is most likely to be detected at pu-
berty. Some patients present with chronic anovulation
and even primary amenorrhea.69 Although the pre-
cise pathophysiology of the cycling disorder is un-
known, it is likely to be due to hyperandrogenism.

Systemic 3b-hydroxysteroid dehydrogenase defi-
ciency should be incompatible with the synthesis and,
therefore, the accumulation of androgens. However,
there are two 3b-hydroxysteroid dehydrogenase isoen-
zymes.70,71 The type I enzyme is predominantly ex-
pressed in the placenta and in peripheral tissues such
as the skin and mammary glands, whereas the type II
enzyme is predominantly expressed in the adrenal
glands and the gonads. Point mutations have thus
far been detected only in the gene for the type II en-
zyme.72 Thus, the finding of normal type I enzyme ac-

tivity in patients with type II deficiency appears to ac-
count for the hyperandrogenic state, by serving to
catalyze the conversion of ∆5 steroids such as dehy-
droepiandrosterone to ∆4 steroids such as androstene-
dione and testosterone. The pubertal worsening of the
hyperandrogenic state may be attributable to the ac-
tivation of ovarian steroidogenesis and thus to the
generation of increased quantities of ∆5 steroids.

Nonclassic (adult onset) 3b-hydroxysteroid dehy-
drogenase deficiency has been diagnosed with in-
creasing frequency in women with hyperandrogenism.
However, sequencing of both the type I and the
type II 3b-hydroxysteroid dehydrogenase genes in
six patients revealed no mutations.73 A mutation may
exist in a gene encoding a protein that regulates the
expression or the activity of 3b-hydroxysteroid de-
hydrogenase type II.

CONGENITAL ADRENAL HYPERPLASIA 

CAUSED BY 17a-HYDROXYLASE

AND 17,20-LYASE DEFICIENCY

Congenital adrenal hyperplasia caused by 17a-
hydroxylase deficiency (due to CYP17 mutations) is
a disorder characterized by marked impairment in
the synthesis of glucocorticoid, androgen, and es-
trogen (Fig. 2). Fewer than 200 patients but over 20
different missense or nonsense mutations, as well as
small insertions or deletions that alter the reading
frame of the gene, have been reported.

Abnormalities in the CYP17 gene affect both adre-
nal and gonadal steroidogenesis. Uniquely, however,
the compensatory increase in corticotropin secretion
leads to overproduction of mineralocorticoid inter-
mediates, which causes hypertension and hypokale-
mia. The activity of both 17a-hydroxylase and 17,20-
lyase is affected, because the CYP17 gene encodes a
single protein that can catalyze both reactions.74

Although women with 17a-hydroxylase deficiency
have sexual infantilism and hypergonadotropic hy-
pogonadism, their ovaries contain normal numbers
of follicles, which reach the antral stage.75 However,
preovulatory follicles have not been identified, and
substantial follicular atresia has been noted. Many of
the women have multicystic ovaries. The hypergonad-
otropism, caused by estrogen deficiency, may be caus-
ally related to the induction of multicystic ovaries,
such as occurs in women with aromatase deficiency.

CONCLUSIONS

The mutations identified to date that result in fe-
male reproductive dysfunction have been predomi-
nantly subpituitary in origin and are manifested pri-
marily at puberty. The majority are rare autosomal
recessive mutations that result in a loss of function.
The frequency of detection of these mutations may
increase as more prospective studies are performed
and as a genetic basis is sought in more women with
reproductive dysfunction.
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